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Abstract -- A novel non-dissipative two-stage equalization 
circuit topology based on the traditional Buck-Boost circuit is 
proposed to achieve balancing of series-connected lithium-ion 
battery packs with higher efficiency and less cost, considering the 
background on international energy issues and the development 
trend of battery balancing. The proposed topology achieves high 
efficient balancing of lithium-ion battery packs without adding 
additional devices. Detailed illustration of the presented topology, 
the operation principles and control approaches are described 
with visualized figures in this paper. Then, under the condition of 
accurate modeling of the lithium-ion battery, relying on the 
experimental data, the simulation block is built based on 
MATLAB. Furthermore, the prototype of the proposed topology 
was designed and manufactured. The effectiveness of the 
proposed topology is verified by both the simulation and 
experiment.  
 
Index Terms-- Active equalization, Buck-Boost topology, 
Lithium-ion battery model, Balancing time 
I.   INTRODUCTION 
Due to the shortage of oil supply and awareness of 
environment issues, it has become a global consensus to 
accelerate the development and popularization of electric 
vehicles (EVs) [1]. And the power battery is the bottleneck 
problem of EVs. Lithium-ion batteries are primary choices for 
EVs, owing to their outstanding performances, such as high 
energy density, high charging and discharging velocity, long 
service life and safety.  
Limited to the voltage and capacity of the lithium battery 
monomer, hundreds or thousands of battery cells must be 
connected in series and in parallel to form a battery pack, so as 
to provide the electric vehicle sufficient power and energy to 
meet the requirements of acceleration, climbing and the 
mileage [2]. However, the consistency of the battery pack will 
deteriorate with the increasing number of charging and 
discharging due to the objective inconsistency between the 
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battery cells. The deterioration could decrease the actual 
accessible energy and what’s even worse, shorten the life cycle 
of the battery pack [3]. Therefore, it is necessary and crucial to 
carry out comprehensive, high-efficient and refined 
management on the power battery, utilizing the battery 
management system (BMS).  
Battery balancing is the key issue as well as where the 
difficulty lies to the BMS. The main idea of battery balancing 
is to use the power electronic converter to transfer or consume 
the energy of the battery to achieve the purpose of balance. 
Generally, the equalization circuits of lithium-ion batteries are 
divided into dissipative ones and non-dissipative ones, which 
can also be called passive equalization and active equalization, 
respectively [4]. Passive balancing method based on resistor is 
simple, reliable and easy to implement, which is still the most 
widely used method of equalization nowadays, in spite of 
several obvious shortcomings, such as the problem of energy 
waste, time-consuming process and heat dissipation [5].  
In contrast, the active equalization is more in line with the 
development trend of energy-saving and high efficiency. 
According to the different power electronic devices used, the 
active equalization topology can be categorized into four basic 
types, namely the topologies based on capacitors, inductors, 
capacitors and inductors, and transformers [6].  
The topology based on capacitors is utilizing the switch 
devices and the capacitance to achieve equalization control [7]. 
The control method is simple, but when the voltage difference 
between the battery cells is small, the equalization speed is 
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Slow Difficult Low Medium Small Higher 
Cuk Fast Difficult High Complicated Medium High 
Transformer Fast Difficult High Complicated Huge Low 





very slow. The classic inductor-based topology is a Buck-
Boost equalization circuit [8-9]. The structure is simple, and 
the number of components is small. In addition, the balancing 
speed is fast and the precision is high. The other topology 
based on capacitance and inductance is a Cuk equalization 
circuit [10-11]. The speed is fast, while the structure is more 
complicated. The transformer equalization circuit is based on 
a multi-winding transformer [12-14]. The topology is complex 
and costly. According to the characteristics of the above four 
equalization circuits, a simple arrangement is made and shown 
in Table I. 
Comprehensive comparing with the other three topologies, 
the Buck-Boost circuit is a good choice. The equalization 
topology of the inductor-based Buck-Boost circuit is shown in 
Fig. 1, whose equalization unit consists of one energy storage 
inductor, two Schottky diodes and two metal-oxide 
semiconductor field effect transistor (MOSFET) switches [15]. 
The adjacent two cells share one equalization unit and each 
equalization unit has exactly the same structure. The energy 
can flow in either direction from one cell to the adjacent one 
in an efficient and precise way. Paper [16] proposed an active 
equalizer for Li-ion battery pack in EVs based on cell-to-pack-
to-cell topology. The proposed equalizer consists of a switch 
array and a single-ended forward bidirectional DC-DC 
converter, which is efficient and reliable. However, the circuit 
structure and control algorithm are complicated. In paper [17], 
a battery equalizer based on bipolar CCM buck–boost is 
proposed to improve the conversion efficiency. However, the 
equalizer is introduced into the soft switching technology to 
reduce the switching, while the speed of battery equalization is 
not much improved. 

































































adding additional devices, this paper proposed an optimized 
active equalization circuit topology based on the classical 
Buck-Boost converter topology [18]. Firstly, the proposed 
topology is described in detail in section II. Section III   
presents the specific calculations of the parameters of the 
equalization topology. In Section IV, the accurate modeling of 
the specific lithium-ion battery and the equalization topology 
simulation block is accomplished. Then, the prototype of the 
proposed topology was designed and manufactured. And the 
experiments based on this prototype was implemented and the 
results are shown in section V. Finally, Section VI makes the 
conclusion. 
 
II.   PROPOSED ACTIVE EQUALIZATION TOPOLOGY 
A.   Circuit descriptions 
A novel two-stage equalization circuit is proposed, which is 
based on the Buck-Boost converter circuit and takes power 
inductors to deliver energy among battery cells. Taking 12 
battery cells in series for example, this two-stage topology, 
shown in Fig. 2, is composed of 11 inductors as well as 22 
MOSFET switches with the same number of diodes. It takes 
three battery cells to form an elementary equalization unit as 
the first stage, shown in Fig. 3, which consists of two storage 
inductors (L1 and L2) and four power MOSFET switches (Q1, 
Q2, Q3 and Q4) with body diodes (D1, D2, D3 and D4), while the 
framework of the second stage circuit is the same as the basic 
Buck-Boost converter topology. The only variation is that the 
equalization modules take place of the battery cells, reflecting 
the holistic ideology. 
Compared to the basic one-stage Buck-Boost converter 
topology, the proposed two-stage topology, possessing the 
same quantity of devices though, is supposed to accomplish 
the equalization within less time in theory, depending on its 
structural advantage. By contrast with the traditional two-stage 
topology with the adjacent three cells forming one equalization 
unit based on the Buck-Boost, which needs at least 14 
inductors and 28 MOSFET switches of the same specification 
in total to meet the same current limit as shown in Fig.4, this 
proposal makes it possible to reduce the quantity of devices, so 
as to cut costs. These will be demonstrated by the simulation 
results in section IV. 
B.   Operational principle 
The working principle of the second stage equalizing 
topology is exactly the same as that of the Buck-Boost circuit. 
On the basis of judging the state of charge (SOC) of two 
adjacent modules of batteries, the energy can be shifted from 
the higher one to the lower one through the manners of the 










































































































































Fig. 6 Operational principle of the first stage. (a) Q1 operating; (b) 




operating for example, as shown in Fig. 5(a), Qm1 will be 
turned on when the input control signal from equalization 
control system reaches the high level. Then, module M1 
discharges through the marked loop which consists of M1, Qm1 
and Lm. During this period, the current increases from zero 
while the electric energy is converted to magnetic energy and 
stored in the inductor Lm. After that, when the control signal 
turns to low voltage, resulting in Qm1 turning off, the magnetic 
energy in Lm is released and reconverted into electric energy. 
In this period, the current decreases and module M2 is charged. 
These two periods constitute one switching cycle, whose time 
length and duty cycle both depend on the control signal. 
Similarly, the energy can be transferred from M2 to M1 by 
controlling Qm2, as shown in Fig. 5(b). 
Simultaneously, the first stage works in a different way to 
let the energy flow among the three cells and reach the balance. 
Fig. 6 shows the working principle of the equalization unit 
during the balancing process, which is separated into four 
different cases according to comparison results of the SOC 
among the three cells, analyzed as follows. Taking Q1 
operating for example, if the SOC of Ce1 is higher than the 
average of the three cells SOC, the input control signal of Q1 
is set to a high level, then Q1 turns on, Ce1 discharges, and L1 
stores energy. The input control signal of Q1 is set to a low 
level and Q1 is turned off when the SOC is equal to the average 
SOC. The Q2, Q3, and Q4 work under the same logic. The loop 
consisting of Ce1, Q1, L1 is formed while the red arrow in Fig. 
5(a) represents the current direction. During this period, the 
current increases gradually from zero while the electric energy 
of Ce1 is converted to magnetic energy, stored in the inductor 
L1. The voltage magnitude of Ce1 and the conduction time of 
Q1 determine the current increment. Secondly, when Q1 is 
turned off, and then the loop of L1, Ce2, Ce3, D2 is formed, the 
current decreases gradually back to zero while the magnetic 
energy in L1 is released and reconverted to electric energy. In 
general, the discharging of Ce1 and the charging of Ce2 and Ce3 
are accomplished during the process. When confronted with 
the other cases, the operation process is similar, no more 
tautology here. 
C.   Control approach 
Since the working principle of the second stage is the same 
with the Buck-Boost topology, the control method is also the 
same. On the basis of the acquirement of the average SOC 
value of each module, the simple control approach can be 
formulated to get the modules equalized. 
Emphasis is placed on the formulation of the control 
method for the first-stage equalization module. Since one 
module is composed of three battery cells, the judgment 
condition is no longer the comparison of adjacent cells, but the 
SOC of each cell compared with the average value of the three. 
According to the difference between each cell’s SOC and the 
average value, Q1 to Q4 can be operated separately, so as to 
reach the consistency as fast as possible. Determined by the 
circuit structure itself, only two of the four MOSFET switches 
allow simultaneous operation. In order to prevent some 
analogous expectable malfunctions or "over-equalization" 
happening, the operating conditions of the MOSFET switches 
must be strictly limited. A certain threshold must be given and 
a corresponding control strategy ought to be designed. The 
threshold is set according to the accuracy required for 
equalization. The higher the accuracy, the smaller the 
threshold, and the longer the equalization time required. 
Referring the concepts of mean and maximum difference in 
statistics, the maximum difference between the SOC value and 
the mean value of the three cells is used as an indicator of the 
inconsistency evaluation. The system sensitivity is adjusted by 
changing the threshold of the maximum difference. The 
overall operation principles are to perform first-stage 
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Fig.8 The combined battery model 
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both can be simultaneously performed to shorten the time. 
However, for the proposed two-stage equalization circuit, the 
second-stage equalization of the topology needs to be 
completed before the end of first-stage equalization. If the 
second-stage equalization is still in progress while the first-
stage equalization is stopped, the local equilibrium state may 
change, causing the inconsistency to re-expand. For the three 
different conditions of standing, charging and discharging of 
the battery pack, only the determination conditions of the start 
and end of the equalization action need to be constrained 
accordingly under the selected switching cycle and duty cycle.  
(a) Standing and charging: The threshold of cells SOC for 
the second-stage equalization is set to 0.02 while the threshold 
of modules for the first-stage equalization is set to 0.01.  
(b) Discharging: Considering that the battery is in the 
discharge condition, the randomness of the current variation is 
very large, which tends to cause over-equilibrium, so the 
equilibrium threshold should be increased accordingly. The 
threshold is set to 0.04 in the second-stage equalization while 
0.02 in the first-stage equalization. 
The threshold voltage is determined by the system 
precision. The equilibrium strategy proposed in this paper aims 
to balance the SOC between the cells, while the circuit sensor 
measures the OCV (open circuit voltage) of the cell, the 
relationship between SOC and OCV is (10). The system 
requires the accuracy of 1%. According to (10), a SOC 
fluctuation of 1% will result in a voltage fluctuation of 0.01V. 
The threshold voltage cannot be reduced indefinitely. The 
sensor's measurement error is 1.2mV, if we set the threshold to 
be at the order of 0.001V, the fluctuation of signal will lead to 
the repeated operation of the equilibrium circuit.  
The strategy in this paper is that the SOC between the 
modules should be completed before cells. Therefore, the 
threshold voltage of the second-stage should be larger than the 
threshold voltage of the first-stage. Considering the accuracy 
requirements and the sampling capacity of the actual circuit, 
two significant digits are reserved. The threshold voltage of the 
first-stage was set to 0.01v and the second-stage to 0.02v 
The established overall operation principles are shown in 
Fig. 7, reflected in the form of the block diagram. When the 
TABLE III 














































































































































































calculated SOC difference is not within the set threshold range, 
the equilibrium operation is exited. In order to ensure the 
stability of the second-stage equalization, the first-stage and 
second- stage equalization are simultaneously performed in the 
control strategy, and the threshold is set to ensure that the 
second- stage is completed before the first- stage, thereby 
avoiding a conflict between two stages, which will cause the 
equilibrium to fall into an infinite loop. 
 
III.   PARAMETER CALCULATION 
From the analysis above, the magnitude of the balancing 
current is related to the battery voltage, the duty cycle of the 
MOSFET switch as well as the inductance of the power 
inductor. Therefore, quantitative analysis is of great necessity 
to determine the parameters of the control signals and circuit 
components. 
Referring to Fig. 6, when Q1 is operating, the current 
increment is 
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When Q4 is operating, the current increment is 
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 When Q2 is operating, the current increment is 
2 3 S
L+ 23 S 23
' 'S1

















When Q3 is operating, the current increment is 
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where, ΔiL+ and ΔiL- represent the current increment and 
decrement, respectively. TS is the switching period, L is the 
inductance value, Ui is the voltage value of cell (i), i=1,2,3, U 
is the average voltage value of three cells, D14 and D23 
represent the duty cycle of Q1, Q4 and Q2, Q3, separately. 
In order to make the inductor current drop back to zero in 
each switching cycle, scilicet operating in the discontinuous 










For the lithium-ion battery with a capacity of 2 Ah, it is 
generally necessary to control the equalizing current not to 
exceed 3 C, namely 6 A. Considering 10 kHz as the switching 
frequency of the MOSFET, and taking the condition into 
account that two MOSFET switches operating simultaneously, 
then 
L+2 6Ai  . 
The second-stage equalization topology, taking Fig. 5 for 
referring, also needs to work in the DCM. The range of the 
duty cycle of Qm1 can be calculated similarly as 
MD 0.5  (6) 































The actual value of L and Lm is defined as 100μH and 50μH, 
respectively. The other parameters are defined as shown in 
TABLE II.  
IV.   MODELING AND SIMULATION 
A.   Modeling of lithium-ion battery 
The equivalent circuit model is the most widely used as 
power battery electric model [20-21]. The voltage source is 
used to represent the thermodynamic equilibrium potential of 
the battery and the RC network is used to describe the dynamic 
characteristics. Applying this kind of model, the parameter 
identification test is easy to perform, which makes it easier to 
consider temperature effects in the model. 
Steady state changes of battery open circuit voltage can be 
described as follow: 
 OC SOC,U f T  (9) 
Combining the above equation model with the first-order 
RC model, namely Thevenin model [22], to establish a battery 
model, which is shown in Fig. 8. 
The open-circuit voltage (OCV) -SOC test under different 
temperatures was conducted in our work and the experimental 
results partly shown in Fig. 9. The results were used to get the 
concrete expression of equation (9) by way of polynomial 
fitting, whose result is shown in Fig. 10. Hence, the equation 
(9) can be restated as follow: 
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  Hybrid Power Pulse Characteristic (HPPC) test is used to 
test the pulse capability of batteries under different depths of 
discharge (DOD) in different time durations. It can be used for 
parameter identification of the battery model. Part of the HPPC 
test results under different temperatures is shown in Fig. 11. 
Genetic algorithm (GA) is applied [23], based on the test 
results, to implement the parameter identification. The Genetic 
Algorithm Toolbox in MATLAB is utilized for the 
identification. An appropriate objective function and the 
corresponding fitness function ought to be written in the form 
of m file to achieve the iterative algorithm while the test data 
are imported using global variables. Finally, the identification 
result is shown in Fig. 12. On the basis of the result of the 
genetic algorithm, the optimal individual is worked out so that 
the parameters of the RC network can be calculated, shown in 
TABLE III. 
In summary, the precise model of the lithium-ion battery is 
fully established, prepared for the modeling and simulation in 
MATLAB and Simulink. 
B.   Modeling of SOC Estimation Algorithm 
Different from the estimation of the SOC in a simple 
charging and discharging process, the equalizing current 
causes the currents on the respective cells of the series-
connected battery pack to be different in the equalization 
process. In practical applications, it is impossible to add one 
current sensor on each branch. Hence, there is no way to 
directly measure the current value of each battery cell. 
In this regard, based on the measurement of the voltage 
value of each cell, the calculation of the current value can be 
applied by means of ampere-hour measurement method to 
estimate the SOC of each cell. Meanwhile, the observed 
voltage and temperature values are utilized to infer the SOC, 
used as the observations in the extended Kalman filter (EKF) 
algorithm, which is used to correct the SOC calculated by the 
ampere-hour measurement method [24-25]. 
The MATLAB-Function modules are used to build both the 
current calculation and SOC estimation models. The iteration 
operation of the EKF algorithm depends on the Unit Delay 
module in Simulink library. Fig. 13 shows the convergence of 
the SOC estimation value obtained by the EKF algorithm for a 
given SOC value with different initial values. It can be found 
that the error of the initial value affects the convergence speed 
though, after a certain number of iterations, the initial error can 
be eliminated, which supports the feasibility of this algorithm. 
C.   Simulation of equalization 
In order to verify the effectiveness of the proposed 
topology, a model is constructed in MATLAB software, shown 
in Fig. 14. Combining the contents of part A and part B in this 
section, the battery pack, the SOC estimation algorithm, 
equalization circuit and its control module can be modeled 
respectively and work collaboratively, based on the Simscape 
module, which can realize the modeling of multiple physical 
domains system [26].  
The most important feature of the proposed equalization 
topology, compared with the traditional one, lies in the 
structure of the equalization unit, which is composed of three 
battery cells. Therefore, the working characteristics of this 
equalization unit should be paid more attention in this 
simulation. 
Fig. 15 shows the typical simulation results of the 
equalization process under the standing condition. When the 
maximum difference of SOC is less than one percent, it can be 
considered as equalized. When the maximum difference of the 
initial SOC value is less than five percent, the equalization can 
be implemented in less than 400 seconds and the different 
initial SOC of the cells will not cause changes in the 


























Fig.13 SOC estimation results of EKF with different initial values. 
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Fig.14 The simulation model in MATLAB-Simulink. (a) The 





topology is used for equalization, the balancing time spent 
within the same current limit is typically around 600 seconds 
as shown in Fig.16. The equalization process under the 
charging and discharging condition is shown in Fig.17 and 
Fig.18. Meanwhile, the status of battery charge and discharge 
during the Urban Dynamometer Driving Schedule (UDDS) 
cycle were introduced into the simulation of two equalization 
circuits for dynamic performance comparison, and the extreme 
difference of SOC of two equalization methods were shown in 
Fig.19. The results show that the two-stage equilibrium 
topology proposed in this paper can perform faster battery 
balancing with fewer devices during the operation of electric 
vehicles. 
Demonstrated by the simulation results above, the most 
important advantage of the proposed topology is that the 
equalization unit, composed of three batteries, can achieve 
equalization costing less time. Because whatever the initial 
condition, the cell with the largest SOC value can transfer 
energy directly to the lowest one, benefitting from the 
establishment of direct contact of every two cells by the 
proposed topology structure. 
D.   Efficiency analysis 
Actually, the realization of active equalization strategy is to 
reallocate the energy among cells through the energy storage 
components such as inductances. Since the actual inductance 
and the devices have equivalent series resistances, it is 
inevitable that the energy will be lost in the transfer process. 
The proposed topology in this paper takes three cells as a 
battery pack, which is different from the traditional topology, 
as shown in Fig. 1 and Fig.3. The analysis of efficiency is 
based on three cells. 
The energy can only be transferred between adjacent two 
batteries in traditional circuit topology shown in Fig.1. If the 
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Fig.15 Simulation results of the proposed equalization process under the 
standing condition.(a) The change of SOC (Ce1>Ce2>Ce3); (b) The 
change of SOC (Ce2>Ce1>Ce3); (c) The change of SOC (Ce2>Ce3>Ce1); 


















Fig.16 Simulation results of traditional two-stage equalization circuit. 

















































Fig.17 Simulation results of the proposed equalization process under the 





from C1 can only be transmitted to C3 through C2. This 
transmission path contains two inductors. If the new topology 
is adopted, the energy will be transferred directly from C1 to 
C3. In this way, unnecessary power transmission path can be 
avoided, which can not only shorten the equilibrium time, but 
also reduce the transmission loss. 
The power losses in equilibrium process are composed of 
the following two parts. 
When the battery charges the inductor, the loss of the circuit 
is expressed as follows: 
2
_ arg ( )loss ch e u M LP I R R   (11) 
 
where Iu is the average current charging the inductance; RM is 
the conduction resistance of MOSFET; RL is the equivalent 
series resistance of inductance. 
When the inductance is charging the battery, the MOSFET 
in the circuit is closed. According to the characteristics of 
MOSFET, the reverse current can only flow through the 
reverse parallel diode, in this case, the circuit loss energy is 
expressed as: 
2
_ arg ( )loss disch e d D LP I R R   (12) 
where Id is the average current charging the battery; RD is the 
conduction resistance of diode. The current path of the cell 
during charging and discharging are shown in Fig.6c. 
Since the switching frequency is much higher than the 
change frequency of SOC, the inductance current of the buck-
boost circuit can be assumed as linear change when the 
switching device changes in one cycle, as shown in Fig.22. 
When the battery charges the inductor, the inductance 
current is： 

















































Fig.18 Simulation results of the proposed equalization process under the 
discharging condition.(a) The change of SOC; (b)The current and 
voltage of cells  
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    (13) 
where iL1 is the current flowing through the inductance; V1 is 
the battery voltage; L is the value of inductance; D is the duty; 
T is one cycle time. 






  (14) 
From 0 to DT, the current increases from 0 to Ip, the average 








V t V D T
I dt
T L L
   (15) 
From DT to DT+Tf, the inductance is discharged, the current 






i t I DT t DT T
T T
        (16) 
The average current of the inductance charging the battery 
over a period of time is  
11
2




I DTI V DT
I t I dt
T T T L

      (17) 
For the case shown in Fig.15(a), adopting a traditional 
topology, the energy from the C1 can only be transmitted to C3 
through C2. This path contains two inductors. The losses are: 
_1 _ arg _ arg2( )loss loss ch e loss disch eP P P   (18) 









  (19) 
Adopting the new topology, the energy can be transferred 
directly from C1 to C3. The losses are: 
_ 2 _ arg _ argloss loss ch e loss disch eP P P   (20) 









  (21) 
In this paper, the battery voltage V1=3.7V, Iu=Id=1.65A, 
RL=10mΩ, RM=7.9mΩ, and RD=26mΩ. Thus, we can obtain: 
Input power: 
3.7 1.65 6.105inP W    (22) 





1.65 (7.9 10) 10 0.049
loss ch e u M LP I R R
W
 
    
 (23) 





1.65 (26 10) 10 0.098
loss disch e d D LP I R R
W
 
    
 (24) 
The losses and efficiency of a traditional structure are: 
_1 0.294lossP W , 1 95.2%   (25) 
The losses and efficiency of the new topology are: 
_ 2 0.147lossP W , 2 97.6%   (26) 
The initial charge of each cell is uncertain, which leads to 
an uncertainty in the path of power transmission. Although the 
derivation of equilibrium efficiency is only for the case shown 
in Fig.15(a), we know that the new topology can reduce 
unnecessary power transmission paths. Therefore, the new 
topology proposed in this paper has the higher efficiency. 
 
V.   EXPERIMENT AND RESULTS 
In order to further verify the proposed topology, a prototype 
was designed and manufactured. The block diagram of the 
battery equalization system is shown in Fig.20, which is 
mainly composed of a MASTER controller and a SLAVE 
controller (acquisition equalization circuit). The MASTER 
controller includes a power module and a main control chip 
DSP28335, and the SLAVE controller is composed of an 
acquisition module, a signal conditioning circuit and an 
equalization circuit. 
Based on the above hardware block diagram, this paper 
completes the construction of the battery pack active 
equalization experimental platform, as shown in Fig.21, and 
the active equalization experiment is carried out on the three-
cell series battery. Taking into account the switching 
frequency of 10 kHz and the maximum current of 6A, the 























































Fig.23 Experimental results under three batteries:(a) Current of 






In order to simplify the heat dissipation design of the board, 
the components with small internal resistance are selected and 
sufficient power margin is left. The PCB board adopts 
materials with high temperature resistance and high thermal 
conductivity, and the power devices are evenly distributed in 
the layout to avoid the concentration of heat on the PCB. 
Considering that the switching frequency of the MOSFET 
in the proposed equalization topology is only 10 kHz and the 
current level is not high, in order to meet the requirements of 
electromagnetic compatibility, the master board and the slave 
board are all integrated with copper in the PCB layout, and a 
common mode choke is connected in series at the battery 
connection. 
As shown in Fig.23, the battery pack can be effectively 
balanced by the proposed active equalization topology. And 
the experimental data was in accordance with the simulation 
results. 
VI.   CONCLUSIONS 
This paper proposes a novel non-dissipative two-stage 
equalization circuit topology based on the traditional Buck-
Boost converter circuit, to achieve highly efficient balancing 
of lithium-ion battery packs without adding additional devices. 
The proposed topology is validated by simulation in 
MATLAB-Simulink firstly, based on accurate modeling of the 
lithium-ion battery and apposite application of SOC estimation 
algorithm. Furthermore, the prototype of the new topology was 
designed and manufactured. From both the simulation and 
experiment results, it could conclude that the balancing speed 
is high due to the structural advantages of the proposed 
topology. 
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